K + and NO 3 are the major forms of potassium and nitrogen that are absorbed by the roots 14 of most terrestrial plants. In this study, we observed that the close relationship between 15 NO 3 and K + homeostasis was mediated by nitrate transporter1 (NRT1.1) in Arabidopsis. 16 The nrt1.1 mutants lacking NRT1.1 function showed disturbed K + uptake and root-to-17 shoot allocation, especially under K + -limited conditions, and had a yellow-shoot sensitive 18 phenotype on K + -limited medium. The K + uptake and root-to-shoot allocation of these 19 mutants were partially rescued by expressing NRT1.1 in the root epidermis-cortex and 20 central vasculature by using Sultr1;2 and PHO1 promoters, respectively. Furthermore, 21 two-way analysis of variance based on the K + content in nrt1.1-1/akt1, nrt1.1-1/hak5-3, 22 nrt1.1-1/kup7, and nrt1.1-1/skor-2 double mutants and their corresponding single mutants 23 and wild-type plants revealed physiological interactions between NRT1.1 and K + 24 channels located in the root epidermis-cortex and central vasculature. Taken together, 25 these data suggest that the expression of NRT1.1 in the root epidermis-cortex coordinates 26 with K + uptake channels to improve K + uptake, whereas its expression in the root central 27 vasculature coordinates with the channels loading K + into the xylem to facilitate K + 28 allocation from the roots to the shoot.
Introduction
reads were aligned to the TAIR10 reference genome by using HISAT2. Significantly eliminated, and then the successful unified seedlings were used in the study as described 170 in the legend of figure 4.
171
Yeast complementation assay 172 The protein coding sequence of NRT1.1 was constructed into the pDR196 vector by using 173 primers listed in Table S1 . Next, the pDR196-NRT1.1 vector was transformed into the 174 yeast strain R5421 (trk1Δ, trk2Δ) by using the lithium acetate method (Ito et al., 1983) . 175 Yeast strain R757 was used as a positive control. The picked single yeast cells were 176 precultured overnight at 30°C in 2 mL liquid YPDA medium containing 100 mM KCl. 177 The cells were collected the following day and washed with ultrapure water three times. 178 Subsequently, the yeast cells were resuspended in ultrapure water to an OD 600 of 1, and 179 10-fold serial dilutions from OD 600 of 1 to 10 -3 were incubated on AP agar plates 180 supplemented with different K + concentrations for the experiments.
181
Results 182 NO 3 facilitates K + uptake by roots 183 We first determined how the NO 3 supply affects the K levels in Arabidopsis wild-type 184 (Col-0) plants. The presence of NO 3 in the growth medium increased the K levels in both 185 roots and shoots compared with those in the NO 3 --free treatment (Fig. 1a,b ). However, a further increase of NO 3 supply over 6 mM decreased the K levels in plants. These results 187 indicate that an appropriate NO 3 supply might favor the uptake of K + by roots. Therefore, 188 we calculated the amount of K + absorbed per weight of roots and found that these values 189 also increased along with the supply of NO 3 when the level was less than 6 mM ( Fig. S1 ).
190
To further evaluate how NO 3 influences K + uptake by Col-0 roots, we used the non-191 invasive micro-test technology (NMT system) to measure the transmembrane K + influx 192 and efflux by root cells in a non-invasive manner (Li et al., 2012) . Although the net K + 193 influx by root cells was observed in the NO 3 --free medium (Fig. 1c ), its average value was 194 only around -30 pmol cm -2 s -1 (Fig.1d , a negative value indicates influx). Interestingly, 195 addition of 6 mM NO 3 to the rooting media resulted in a sudden increase in the net K + 196 influx rate, which reached around -900 pmol cm -2 s -1 (Fig. 1c ). Subsequently, the rate of 197 transmembrane K + influx gradually decreased to a relatively stable level, but the average 198 value was still about 7-fold higher than that of the NO 3 --free treatment (Fig. 1c,d ). Taken 199 together, these results suggest that the uptake of K + by roots might require a coordination 200 of NO 3 uptake.
201
Resistance to K deficiency requires NRT1.1 202 As the uptake of K + requires a coordination of NO 3 uptake in roots, we intended to 203 determine whether the sensitivity of a plant to low K stress is also associated with the root 204 NO 3 uptake. In Arabidopsis, six nitrate transporters, including NRT1.1, NRT1.2, NRT2.1, 205 NRT2.2, NRT2.4, and NRT2.5, have been characterized to be involved in the root NO 3 -206 uptake (Wang et al., 2012; Léran et al., 2014; Lezhneva et al., 2014) . Here we found that, 207 in the growth medium containing 6 mM NO 3 -, the two NRT1.1 knockout mutants nrt1.1-1 208 and chl1-5 exhibited severer leaf senescence than in the wild-type plants (Col-0) after 8 d 209 of low K treatment (0.05 mM K), but these three plant lines did not show distinguishable 210 phenotypes under sufficient K treatment (2 mM K; Fig. 2a ) Considering that the decrease 211 of chlorophyll content would affect the photosynthesis of plants, the maximum quantum 212 efficiency of photosystem II (Fv/Fm) and photosynthetic electron transport rate (ETR)
213
were also evaluated as indicators of the photosynthetic reactions in leaves. In the leaves of 214 nrt1.1-1 and chl1-5 plants, the Fv/Fm was almost completely abolished ( Fig. 2c ), and the 215 ETR also declined apparently compared with that in Col-0 plants under low-K conditions 216 ( Fig. 2d ). Therefore, the nrt1.1 knockout mutants had both shorter roots and less biomass 217 than the Col-0 plants after low-K treatment (Figs 2e, f, S2) . In addition, we examined a 218 third NRT1.1-null mutant, chl1.6, the fresh weight and root elongation of which were also significantly reduced compared with those of its corresponding wild-type Ler under low-220 K conditions ( Fig. S3a,b ). Since NRT1.1 can act as a high-affinity as well as low-affinity 221 system (Wang et al., 2012; Léran et al., 2014) , the growth of these NRT1. 239 We next emphasized on how NRT1.1 affects K nutrition in plants. In both sufficient-K 240 and low-K treatments, the K levels were significantly lower in nrt1. 1-1, chl1-5, and chl1-241 6 mutants than in their crossponding wild-type plants (Figs 3a, b, S3c, d) , indicating that 242 the lack of NRT1.1 function disturbed the K homeostasis in plants. To provide further 243 support for the role of NRT1.1 in K homeostasis, we measured the K levels in the 244 transgenic plants pNRT1.1::NRT1.1-GFP, which are in the chl1-5 mutant background 245 (Krouk et al., 2010) . In both sufficient-K and low-K treatments, the pNRT1.1::NRT1.1-246 GFP transgenic plants contained higher K levels than those in the chl1-5 mutants and 247 similar K levels as those in Col-0 plants ( Fig. 3c,d ). Therefore, phenotype analysis 248 showed that complementation of NRT1.1 conferred the transgenic plants tolerance to K + 249 deficiency, as evidenced by the similar chlorophyll content, root elongation, and fresh 250 weight as those in Col-0 plants (Figs 3e, S6).
As described above, the uptake of K + by roots requires a coordination of NO 3 uptake.
252
However, when the plants were grown in the medium containing low NO 3 -(0.2 mM), no 253 significant difference in both growth and K levels was noted between NRT1.1-null 254 mutants and wild-type plants in both sufficient-K and low-K treatments (Fig. S4 ). The 255 result suggested that the role of NRT1.1 in maintaining K homeostasis in plants depends 256 on sufficient NO 3 supply. We also investigated the role of the other NRTs in maintaining 257 K homeostasis. Nevertheless, the K levels in the roots and shoots of nrt1. 2, nrt2.1, nrt2.2, 258 nrt2.4, and nrt2.5 mutants were not obviously different from those of their corresponding 259 wild-type plants in sufficient-K or low-K treatments (Fig. S8 ). Thus, NRT1.1 might 260 improve the K nutrition in a relatively specific manner. responsible for the sensitive symptom. This conclusion was further supported by the 272 observation that K levels were clearly reduced in the shoots of the plants grafted with 273 nrt1.1-1 root stock in low-K treatment ( Fig. 4c ). Furthermore, we found that the K levels 274 in both the shoots and roots of Col-0/nrt1.1-1 and nrt1.1-1/nrt1.1-1 plants were 275 significantly lower than those in the plants grafted with Col-0 rootstocks in the sufficient 276 K treatment (Fig. 4b) . These results suggested that only the root part is the action point for 277 NRT1.1 to improve K nutrition in plants.
278
The role of root NRT1.1 in improving plant K nutrition prompted us to investigate how 279 NRT1.1 in roots responds to low-K stress. Real-time quantitative PCR analysis showed 280 that low-K treatment clearly increased the expression of NRT1.1 in roots ( Fig. 4d) , 281 whereas the expression of the other five NO 3 uptake transporter genes was either GUS transgenic plants (Fig. 4e ). These findings suggested that the activity of NRT1.1 289 could be up-regulated in response to low K + stress. Thus, we analyzed the rate of net NO 3 -290 fluxes at the surface of the maturation, elongation, and meristematic zones of Col-0 roots 291 by using the NMT system. In all the three measured zones, the plants precultured with 292 low-K medium had a higher rate of net NO 3 influx than in those precultured with 293 sufficient-K medium in the same testing medium ( Fig. 4f ), providing a direct evidence 294 that low-K stress stimulates NO 3 uptake activity, which should be associated with an up-295 regulation of NRT1.1 due to low-K stress.
296
Both uptake and root-to-shoot allocation of K require a coordination of NRT1.1 297 We next determined how NRT1.1 improves K nutrition in plants by investigating its role 298 in the root K uptake. The alkaline ion Rb + , the closest analog of K + , was first used to 299 evaluate the K + uptake by roots. The rates of root Rb + uptake in chl1-5 and nrt1.1-1 300 mutants were considerably less than those in Col-0 plants in the medium containing either 301 2 mM Rb + or 0.05 mM Rb + (Fig. 5a ), indicating that the loss of NRT1.1 function might 302 disturb the uptake of K + by roots. To further evaluate the contribution of NRT1.1 in root 303 K + uptake, we measured the root K + fluxes of the above three plant lines. We found that, 304 at the elongation and maturation zones, the rates of net K + influx of nrt1.1-1 and chl1-5 305 mutants were less than 50% of those obtained in the Col-0 plants in both 2 mM K + and 306 0.05 mM K + testing medium. However, the net K + influx rate in the meristematic zone did 307 not differ significantly among these plants (Fig. 5b,c) . These results suggest that the 308 elongation and maturation zones, but not the meristematic zone, are the target regions for 309 NRT1.1 to contribute to K + uptake by root cells.
310
Consistent with its role in NO 3 uptake, NRT1.1 was expressed in the epidermis and 311 cortex of roots (Huang et al., 1996) . However, NRT1.1 was also expressed in the root 312 central vasculature (Remans et al., 2006) , revealing its another function: allocating root 313 NO 3 to shoot parts through xylem NO 3 loading in the root stele (Léran et al., 2013) . This 314 additional function suggests that NRT1.1 might also play a role in root-to-shoot allocation of K. Therefore, the rates of K distributed in the root and shoot were calculated. However, 316 the proportion of K distributed in either shoots or roots did not differ between the Col-0 317 plants and nrt1.1 knockout mutants when they were grown in sufficient-K medium ( Fig.   318 5d). Interestingly, both chl1-5 and nrt1.1-1 mutants had less proportion of K distributed in 319 the shoots, but greater proportion of K distributed in the roots compared with those in 320 Col-0 plants grown in the low-K medium (Fig. 5d ). These results indicated that a K-321 insufficient status of plants allows NRT1.1 to play the distinct role in root-to-shoot 322 allocation of K. type levels in the plants in both sufficient-K and low-K treatments (Fig. 6a,b ). However, 340 the calculation of the ratio of K distributed in the root and shoot showed that 341 pSultr1;2::NRT1.1 complementation in nrt1.1-1 plants did not improve the root-to-shoot 342 allocation of K ( Fig. 6c ). Therefore, the expression of NRT1.1 in the epidermis and cortex 343 might only be responsible for improving the K uptake.
344
The measurement of K levels in other two independent pPHO1::NRT1.1 transgenic lines 345 also showed partial recovery of K to Col-0 wild-type levels in the plants in both K 346 treatments, with the recovery being more distinct in the shoots (Fig. 6d,e ). Furthermore, the ratio of K distributed in the root and shoot revealed that the complementation of 348 pPHO1::NRT1.1 in nrt1.1-1 plants increased the K transport from root to shoot ( Fig. 6f) , 349 suggesting that the expression of NRT1.1 in the central vasculature of roots is responsible 350 for supporting the root-to-shoot allocation of K. plants (Ho et al., 2009; Bouguyon et al., 2015; Wang et al., 2018) . Therefore, the 359 difference in whole-genome gene expression profiles between Col-0 plants and nrt1.1 360 mutants in response to different K treatments were compared using RNA-seq. Gene 361 ontology (GO) analysis revealed that the differentially expressed genes (DEGs) were 362 involved in many physiological processes such as response to nutrient levels, response to 363 reactive oxygen species, and response to salicylic acid ( Fig. S10 ). However, among the 364 genes associated with K uptake and trafficking, only the expression of SKOR, which 365 mediates K + loading into the xylem (Gaymard et al., 1998; Drechsler et al., 2015) , was 366 inhibited by NRT1.1 mutation in both sufficient-K and low-K treatments, whereas that of 367 the other genes was either increased or not affected (Fig. 7a ). This result cannot explain 368 the decreased root K uptake due to the loss of function of NRT1. et al., 1996; Gierth et al., 2005; Han et al., 2016) . In addition, KUP7 was found 386 to be involved in K + loading into the xylem in addition to the SKOR channel (Han et al.,
. Two-way analysis of variance (ANOVA) showed that the difference of K levels in 388 the shoots and roots between akt1 and akt1/nrt1.1-1 mutants was significantly less than 389 that between Col-0 and nrt1.1-1 in both K treatments (Fig. 8a,b ), suggesting that the 390 reduced K levels due to the loss of NRT1.1 was associated with the action of AKT1.
391
Similarly, two-way ANOVA based on the data obtained in Col-0, nrt1.1-1, hak5-3, 392 nrt1.1-1/hak5-3, kup7, and nrt1.1-1/kup7 plants showed that the reduced K levels due to 393 the loss of NRT1.1 were also associated with HAK5 and KUP7 in low-K medium (Fig.   394 8c-e). These results indicated that NRT1.1 should interplay with the K uptake channels in 395 the root epidermis-cortex to improve the plant K nutrition. Next, we determined whether 396 the KUP7 and SKOR channels are required for the action of NRT1.1 in favoring root-to-397 shoot allocation of K under low K condition. Two-way ANOVA showed that the 398 difference in the proportion of K distributed from the roots to shoots either between skor-399 2 and nrt1.1-1/skor-2 or between kup7 and nrt1.1-1/kup7 was significantly less than that 400 between Col-0 and nrt1.1-1 (Fig. 8f,h) . These results indicate that the action of NRT1.1 in 401 favoring root-to-shoot allocation of K depends on the K + channels that mediate K + 402 loading into the xylem. inorganic cation and anion sources in plant cells, and are thus also the major forms of 408 potassium and nitrogen that are transported within plants (Du et al., 2019) . In this study, 409 we revealed a close relationship between NO 3 and K + homeostasis, which was mediated 410 by the NO 3 transporter NRT1.1, in the root tissues of Arabidopsis.
NRT1.1 was initially characterized as an NO 3 transporter involved in root NO 3 uptake 412 from the growth medium (Tsay et al., 1993) . Further, it was found to be a bidirectional are independent of its NO 3 transport activity, because the absence of NO 3 supply in the 419 growth medium did not affect the above functions. However, our finding that wild-type 420 plants did not show higher K levels in both shoots and roots than in nrt1.1 knockout 421 mutants when NH 4 + was the sole nitrogen source shows that the activity of NO 3 transport 422 across the plasmalemma is probably necessary for NRT1.1 to coordinate K + homeostasis 423 in plants ( Fig. S7c,d suggests that the action of NRT1.1 to improve K + homeostasis might require a higher 432 NO 3 supply to ensure sufficient NO 3 transport. This notion was supported by the 433 observation that the increase of NO 3 supply elevated the K levels in wild-type plants that 434 have a normal NRT1.1 function (Fig. 1a,b ). In addition, the finding that NRT1.1-null 435 mutants did not have distinguishable growth phenotype and K levels compared with those 436 of wild-type plants in low NO 3 growth medium (0.2 mM NO 3 -; Fig S4) further supports 437 the above notion.
438
Interestingly, the coordination of K + homeostasis by NRT1.1 in Arabidopsis, including 439 root uptake and root-to-shoot allocation processes, depend on the nature of NRT1.1 440 expression pattern in the root epidermis-cortex and central vasculature, respectively.
441
Hence, determining how such expression pattern of NRT1.1 in root tissues improves the 442 uptake and root-to-shoot allocation of K + becomes necessary. Previously, NRT1.1 and 443 other NRT transporters were shown to be a kind of proton-coupled transporters that transport NO 3 across the plasmalemma together with an equal amount of proton (H + ) 445 influx via a symport mechanism (Tsay et al., 1993; Fang et al., 2016 wild-type plants supported the above notion, that is, the NRT1.1 interplay with K + 459 channels in the root epidermis-cortex could improve the plant K uptake (Fig. 8a,b,c,e ). As 460 all the investigated K + channels could physiologically interplay with NRT1.1 to improve 461 K uptake, we suggest that these interplays should function in a nonspecific manner.
from the growth medium, whereas its expression in the root central vasculature 511 coordinates with the channels that load K + into the xylem, such as SORK and KUP7, to 512 facilitate the root-to-shoot allocation of K + (Fig. 9 ). In the current agricultural practices in nrt1.2, nrt2.1, nrt2.2, nrt2.5, Ler, and nrt2 .4 plants to 537 low-K + stress. nrt1.2, nrt2.1, nrt2.2, nrt2.5, Ler, and nrt2.4 plants. 548 Table S1 Primers used in this study. Col-0, nrt1.1-1, and chl1-5 were transferred to an agar medium containing 2 mM or 0.05 mM K + , as .1-1  pSultr1;2::NRT1.1-1  pSultr1;2::NRT1.1-2 Shoot Col-0 nrt1 .1-1  pSultr1;2::NRT1.1-1  pSultr1;2::NRT1.1-2 Root Col-0 nrt1 .1-1  pSultr1;2::NRT1.1-1  pSultr1;2::NRT1.1-2 Shoot Col-0 nrt1 .1-1  pSultr1;2::NRT1.1-1  pSultr1;2::NRT1.1 transferred to a media containing 2 mM or 0.05 mM K + for 5 d, and roots were collected to perform 759 transcriptome analysis, as described in the Materials and Methods section. Red color represents significantly 760 up-or down-regulated genes compared with those in the control group. Changes in response to K treatment 761 with a p-value of <0.05 were selected for GO analysis.
762
(B) Functional analysis of NRT1.1 in Saccharomyces cerevisiae. K + uptake activity was analyzed in yeast 763 R757 strain and the K + import mutant strain R5421 (trk1Δ, trk2Δ), which were transformed with the 764 expression constructs, as described in the Materials and Methods section. pDR196, empty vector. Col-0, nrt1.1-1, skor-2, and nrt1.1-1/skor-2 plants. The 4-d-old seedlings were transferred to an agar 771 medium containing 2 mM K + or 0.05 mM K + for 8 d and subsequently analyzed for K levels, as described in 772 the Materials and Methods section. Bars represent the mean ± SD (n = 5). Different letters above bars 773 indicate significant differences at P < 0.05 (LSD test). Asterisks indicate a significant genotype by genotype 774 interaction; ns, non-significant (* P < 0.05, ** P < 0.01, two-way ANOVA). .1-1  akt1  nrt1.1-1/akt1  Col-0  nrt1.1-1  akt1  nrt1.1-1/akt1 Shoot Root Col-0 nrt1 .1-1  akt1  nrt1.1-1/akt1  Col-0  nrt1.1-1  akt1  nrt1.1-1/akt1 Shoot Root Col-0 nrt1 .1-1  hak5-3  nrt1.1-1/hak5-3  Col-0  nrt1.1-1  hak5-3  nrt1.1-1/hak5-3 Shoot Root Col-0 nrt1 .1-1  hak5-3  nrt1.1-1/hak5-3  Col-0  nrt1.1-1  hak5-3  nrt1.1-1/hak5 
Schematic model of how NRT1.1 responds to low-K stress in Arabidopsis
Under insufficient K growth conditions, the expression of the NRT1.1 gene and its encoding protein in central vasculature was induced, which coordinated with the K (such as AKT1, HAK5, and KUP7) and xylem K + loaders (such as SORK and KUP7) to improve root K uptake from the external environment and facilitate K + root-to-shoot allocation, respectively.
Arabidopsis.
gene and its encoding protein in the induced, which coordinated with the K + uptake channels loaders (such as SORK and KUP7) to improve root K + shoot allocation, respectively.
